OBJECTIVES The purpose of this study was to assess individual mechanisms of effort intolerance in patients with heart failure with preserved ejection fraction (HFpEF), heart failure with reduced ejection fraction (HFrEF), or normal cardiac function using combined echocardiography and cardiopulmonary stress testing.
They have been limited by their invasive nature, resulting in selection bias, and by the insufficient anatomic data provided with ventriculography (1, 5) . Several studies have used stress echocardiography (SE) to assess factors limiting maximal exercise capacity by comparing rest to peak exercise (2, 9, 10) .
Because HF patients rarely exercise at maximal intensities, and submaximal exer- have HFpEF when they had a normal resting EF ($50%), or HFrEF when they had a low resting EF (<50%) ( Table 1) .
EXERCISE PROTOCOL. A symptom-limited graded ramp bicycle exercise test was performed in the semisupine position on a tilting, dedicated, microprocessor-controlled eddy current brake stress echocardiography cycle ergo meter (Ergoselect 1000 L, CareFusion, San Diego, California). We estimated the expected peak oxygen consumption (VO 2 ) based on patient age, height, and weight after considering the patient's history. We then calculated the work rate increment necessary to reach the patient's estimated peak VO 2 in 8 to 12 min. The protocol included 3 min of unloaded pedaling, a symptom-limited ramp-graded exercise, and 2 min of recovery. Breath-by-breath minute ventilation, carbon dioxide production (VCO 2 ), and oxygen consumption (VO 2 ) were measured using a Medical
Graphics metabolic cart (ZAN, nSpire Health Inc., Longmont, Colorado). Peak VO 2 was the highest averaged 30-s VO 2 during exercise (12) . Ventilation/VCO 2 was defined as the lowest immediately after anaerobic threshold, and was expressed as absolute nadir ventilation/VCO 2 (12, 13) . Anaerobic threshold was determined manually using the modified V-slope method (13) . A 12-lead electrocardiograph and noninvasive arterial saturation were monitored continuously; heart rate and blood pressure were measured at rest and every minute during exercise. b-Blockers and calcium blockers were left unchanged. The metabolicchronotropic relationship was calculated from the ratio of the HR reserve to the metabolic reserve during submaximal exercise. A metabolic-chronotropic relationship slope of <0.80 was considered indicative of chronotropic incompetence (14, 15) . In patients on b-blocker or calcium blocker therapy, chronotropic incompetence was defined whenever <62% of heart rate reserve was used (16 Table 2 and In HFpEF patients, AVO 2 Diff increased normally throughout exercise, but E/e' was higher in all effort stages, resulting in reduced ratio of end-diastolic volume to E/e' (LVEDV/E/e' ratio; low compliance).
In HFrEF patients, AVO 2 Diff reached plateau at the anaerobic threshold without further increase in the end part of exercise. Although the LVEDV/E/e' ratio was normal at baseline, it decreased during exercise, in marked difference to controls, and HFpEF patients, who had low compliance all the way through exercise.
UNIVARIATE AND MULTIVARIABLE ANALYSES. The results of univariate analysis to assess associations between rest and stress echocardiography parameters with peak VO 2 are shown in Table 3 . The only rest echocardiography parameters associated with effort capacity were related to increased left filling pressure, or longitudinal contraction. Multiple stress parameters were associated with peak VO 2 , even when measured very early during the effort cascade.
Stepwise multivariable analyses to explore the independent determinants of peak VO 2 are shown in
Determinants of Effort Intolerance Tables 2 and 3 ). Nevertheless, the only exception to the rule was effort-induced MR, which increased more in the intermediate patients than in the other groups (Online Table 3 AT ¼ anaerobic threshold; DT ¼ deceleration time; FEV1 ¼ forced expiratory volume first second; FVC ¼ forced vital capacity; HFpEF ¼ heart failure with preserved ejection fraction; HFrEF ¼ heart failure with reduced ejection fraction; LAVI ¼ left atrial volume index; LV ¼ left ventricle; MCR ¼ metabolic chronotropic relationship; NS ¼ not significant; O2 pulse ¼ oxygen consumption per cardiac cycle; RER ¼ respiratory exchange ratio; VE ¼ ventilation; VCO2 ¼ carbon dioxide output; VO2 ¼ oxygen consumption. Values are mean AE SD, or n (%). *p < 0.01; †p < 0.001.
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AVO2Diff ¼ arterial-venous oxygen content difference; EDV ¼ end-diastolic volume; other abbreviations as in Table 1 .
FIGURE 1 Echo Parameters at Baseline, Unloaded, Anaerobic Threshold, and Maximal Exercise Tests in the Study Groups
(A to I) Baseline, unloaded, anaerobic threshold, and maximal cardiopulmonary exercise tests and stress echocardiography characteristics of heart failure with preserved ejection fraction (green crosses), heart failure with reduced ejection fraction (blue diamonds), and controls (red circles). AT¼ anaerobic threshold; VCO 2 ¼ carbon dioxide output; VO 2 ¼ oxygen consumption.
Shimiaie et al. A V O 2 D i f f a n d e f f o r t i n t o l e r a n c e i n H F . We found that, in addition to cardiac output, peak AVO 2 Diff was an independent predictor of peak VO 2 in all groups.
O C T O B E R
This finding is not surprising, given that capacity for both oxygen delivery and use plays an important role in limiting exercise performance (17, (24) (25) (26) (27) (28) . Our L V d i a s t o l i c p r e s s u r e a n d c o m p l i a n c e . E/e', the echocardiography correlate of LV diastolic pressure, did not change significantly during exercise, although it differed between the patients with and without HF.
Interestingly, in multivariate analysis, E/e' and SV
were not independent contributors to decreased exercise capacity, as opposed to LVEDV/E/e' ratio, suggesting that increased LV pressure, or low SV per se,
are not the primary causes of effort intolerance. The
LVEDV/E/e' ratio, which removed both peak E/e' and Tables 1 and 2 .
Determinants and reported excellent day-to-day reproducibility and intraobserver and interobserver variability (10, 17, 24, 25) . The AVO 2 Diff was not measured, but was calculated using the Fick equation as VO 2 /cardiac output. The calculated peak AVO 2 in our subjects is somewhat lower than that previously reported by others (10, 17, 24, 25) . However, the pattern of our results is similar to those reported previously, in which the AVO 2 Diff was measured invasively (1, 29, 37 Determinants of Effort Intolerance
